


















INTERN AND EXTERN CHANGES AFTER TREATMENT OF 







Trabalho submetido por 
Madalena dos Santos Vargas Soveral 




























INTERN AND EXTERN CHANGES AFTER 
TREATMENT OF ICON INFILTRATION RESIN: A 
SYSTEMATIC REVIEW AND META-ANALYSIS 
 
 
Trabalho submetido por 
Madalena dos Santos Vargas Soveral 




Trabalho orientado por 
Prof.ª Doutora Cristina Manso 














Em primeiro lugar quero agradecer à minha orientadora, Prof.ª Doutora Ana 
Cristina Manso, por todo o apoio, motivação, exigência e rigor ao longo de todo o 
processo. 
Um muito obrigado à minha coorientadora, Prof.ª Doutora Vanessa Machado pela 
paciência, dedicação e partilha de conhecimento durante a elaboração do artigo e da tese. 
Ao Prof. Doutor João Botelho pela ajuda preciosa, rigor e perfecionismo. 
À Direção Clínica da Clínica Egas Moniz pela rigorosa e eximia preparação para 
o futuro. 
À Cooperativa de Ensino Egas Moniz que durante cinco anos foi a minha segunda 
casa, onde passei os melhores momentos da minha experiência universitária e que me 
habilitou com todas as ferramentas indispensáveis para o meu futuro. 
O maior agradecimento aos meus pais que sempre me apoiaram e acreditaram no 
meu futuro e nas minhas capacidades. Que comemoram as minhas vitórias e me 
consolaram nos momentos mais difíceis. Que estiveram sempre ao meu lado. 
Ao meu irmão, que sempre foi um ídolo para mim, mostrando-me o significado 
que “ quem trabalha alcança” e de que não existem horizontes. 
Ao meu namorado Guilherme, que foi um pilar nestes anos, que ouviu todas as 
minhas frustrações sempre com uma palavra de consolação. Que me levou a sonhar mais 
alto e que me motivou a alcançar o infinito. 
Às minhas colegas de box, Cláudia e Sofia, pela paciência dos contra turnos de 6 
horas. Pelos dias em que saímos às 21h e pelos pacientes difíceis. Pelos encobrimentos e 
escapadelas. Por me darem todo o apoio que precisei e pelo melhor ano de clínica que 
podia desejar. 
Às minhas Bellinis, as almas da festa, com quem eu passei os melhores momentos 
e de quem levo as melhores memórias. De jantares e copos às tardes de estudo. Pelas 
conversas desinibidas e pelas cusquices partilhadas nos corredores. Pelo apoio incansável 











Introdução: As lesões de white spot são as primeiras alterações do esmalte devido à cárie 
dentária e tratamentos não-invasivos têm sido sugeridos para travar a progressão da lesão. 
O objetivo desta tese é analisar as alterações da superfície do esmalte com e sem lesão de 
white spot após aplicação da resina infiltrativa, nomeadamente profundidade de 
penetração, rugosidade, microdureza e resistência ao cisalhamento. 
Materiais e Métodos: A pesquisa foi realizada no Medline, Pubmed, Cochrane Central 
Register of Controlled Trials, Embase, Web of Science, Scholar, and LILACS até maio de 
2021. Estudos in-vitro que avaliam a profundidade de penetração, rugosidade, 
microdureza e resistência ao cisalhamento antes e depois da infiltração de resina foram 
incluídos. A qualidade metodológica foi avaliada através do Joanna Briggs Institute 
Clinical Appraisal Checklist for Experimental Studies. Meta-análises pairwise de rácio 
de médias avaliaram as alterações das propriedades do esmalte com e sem lesão white 
spot. 
Resultados: De um total de 1604 artigos, 48 foram incluídos para avaliação quantitativa 
meta-analítica. A rugosidade de superfície do esmalte melhorou 35% (95% CI: 0.49-0.85, 
p<0.0021) no esmalte saudável e 54% (95% CI: 0.29-0.74, 0.0012) nas lesões de white 
spot. A microdureza reduziu 24% (95% CI: 0.73-0.80, p<0.001) no esmalte saudável e 
aumentou 68% (95% CI: 1.51-1.86, p<0.001) nas lesões de white spot. A força de 
cisalhamento reduziu 25% (95% CI: 0.60-0.95, p<0.001) no esmalte saudável e aumentou 
89% (95% CI: 1.28-2.79, p<0.001) em lesões de white spot. A profundidade de 
penetração da resina infiltrativa levou à oclusão de 65,39% (95% CI: 56.11-74.66, 
p=0.01, I2=100%) da lesão de white spot. 
Conclusões: A aplicação da resina infiltrativa promove a recuperação das propriedades 
do esmalte, tanto em esmalte são como em lesões de white spot. Futuramente, estudos 
com controlos apropriados são necessários bem como follow-ups a longo prazo. 
 












Introduction: White spot lesion represents the first visual alteration in the enamel caused 
by caries. The progression of these lesions can be arrest with non-invasive treatments 
before cavitation. The thesis aims to analyze changes in the enamel after applying the 
infiltrant resin in white spot lesions, namely penetration depth, surface roughness, 
microhardness, and shear bond strength. 
Materials and Methods: The search was conducted in Medline, Pubmed, Cochrane 
Central Register of Controlled Trials, Embase, Web of Science, Scholar, and LILACS 
until May 2021. In-vitro studies that assess depth penetration, roughness, microhardness, 
and shear strength before and after resin infiltration were included. Methodological 
quality was evaluated using the Joanna Briggs Institute Clinical Appraisal Checklist for 
Experimental Studies. Pairwise ratio of means meta-analyses allowed evaluating of the 
enamel properties, before and after resin infiltration, on enamel surfaces with and without 
white spot lesions. 
Results: From a total of 1604 articles, 48 were included for meta-analytic quantitative 
evaluation. In the parameter of enamel surface roughness there was an improvement by 
35% in sound enamel (95% CI: 0.49-0.85, p<0.0021) and 54% (95% CI: 0.29; 0.74, 
0.0012) in white spot lesions. Enamel microhardness was reduced by 24% (95% CI: 0.73; 
0.80, p<0.001) and increased by 68% (95% CI: 1.51; 1.86, p<0.001) in white spot lesions. 
Shear strength in enamel was reduced by 25% in sound enamel (95% CI: 0.60; 0.95, 
p<0.001) and increased by 89% (95% CI: 1.28; 2.79, p<0.001) in white spot lesions. At 
penetration depth, the application of infiltrating resin led to occlusion of 65.39% (95% 
CI: 56.11; 74.66, p=0.01, I2=100%) of the white spot lesion. 
Conclusions: The application of infiltrating resin promotes recovery of enamel 
properties, both in healthy enamel and in white spot lesions. In the future, studies with 
defined protocols and appropriate controls are needed with long-term follow-ups. 
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Enamel is a unique and one of the most complex tissues of mammals. Given this, a 
detailed knowledge of the development and mineralization of enamel is important to 
better understand the onset of the cariogenic process (Rathee & Jain, 2021). 
1.1 Odontogenesis 
 
The odontogenesis comprises the tooth development process encompassing its formation, 
eruption and integration. Collectively, the process of odontogenesis can be divided in 5 
stages schematized in Figure 1. 
 
 
Figure 1. Stages of tooth development. The odontogenesis begin with initial stage, followed by a 
morphogenesis process (the bud and cap stages), ending with the differentiation and mineralization (bell 
& maturation and apposition stages) 
 
During the late bell stage, different layers of distinguished cells begin to raise, through 
their form and final tissue of formation, as represented in figure 2. Particularly, the enamel 
is formed in a process defined as amelogenesis (Lacruz et al., 2017). 










Figure 2- Representation of the final bell stage with the different structures 






The amelogenesis is driven by ameloblasts, responsible for producing matrix proteins. 
These cells are responsible for creating and maintaining an extracellular environment 
favorable to mineral deposition (Lacruz et al., 2017). The enamel matrix is an ectodermal 
tissue, derived from the enamel organs’ inner enamel epithelium, and comprised of 
proteins, carbohydrates, and a small portion of calcium hydroxyapatite crystals 
(Fehrenbach & Popowics, 2016; Lacruz et al., 2017). 
Unlike other mesodermal products (dentin, cementum, and the alveolar process), enamel 
lacks collagen protein content (Fehrenbach & Popowics, 2016; Gil-Bona & Bidlack, 
2020). Instead, ameloblasts produce non-collagenous unique proteins such as 
amelogenin, enamelin, ameloblastin, and tuftelin, as well as proteinases (that include 
matrix metalloproteinase (MMP)-20 and kallikrein-related peptidase) (Gil-Bona & 
Bidlack, 2020). 
1.1.1.1 Proteins Involved in Amelogenesis 
 
The organic component of the enamel matrix is fundamentally composed of proteins with 
carbohydrates and lipids. These protein content distinguishes this matrix from other 
mineral tissues and clearly expresses the enamel non-conjunctive origin (Nanci, 2018; 







After the eruption, the enamel surface undergoes a post eruptive maturation process, 
where soluble components are substituted by less soluble elements. Compared to an initial 
composite of carbonate, water and magnesium, this structure suffers gradually changes 
to an amorphous tissue with lower porosity and water level, and with increased fluoride 
content (Abou Neel et al., 2016; Klimuszko et al., 2018). The post-eruptive characteristics 
are presented in the following section. 
1.2. Enamel 
 
Enamel is the hardest tissue in the human body which can withstand an assortment of 
aggressions (Baranova et al., 2020). This tissue is mainly composed of an inorganic 
content (92-96%), 4% of water and minimum content of organic components (Gomes et 
al., 2019; Baranova et al., 2020). 
Regarding the inorganic matter, enamel is mainly composed of calcium (34-39% of its 
weight) and phosphorus (16-18% of its weight). Other minerals such as sodium, 
magnesium, potassium and zinc are also present in residual proportions. The mineral 
phase of enamel is in the form of hydroxyapatite crystals, 𝐶𝐴4(𝑃𝑂4)6(𝑂𝐻)2, that 
compose approximately 80-90% of its volume (Lamont et al., 2018; Gomes et al., 2019). 
The hydroxyapatite crystals are characterized by an arrangement of ions around the 
central hydroxyl column. In the layout diagram, the hydroxyl ion is surrounded by a 
triangle of calcium II ions and a triangle of phosphate ions, surrounded by an hexagon of 
calcium I ions (Robinson et al., 2000). 
The density of hydroxyapatite (in other words, the mineral content) is not homogenous, 
because it decreases from surface to the dentin and increases its porosity, fluid and 
organic content (Gomes et al., 2019). Also, enamel crystals are prone to ion substitutions 
that affect the behavior of apatite, namely when it comes to the level of solubility at low 
pH (Robinson et al., 2000). The integrity of enamel is secured by saliva and its 
constituents (calcium and phosphate ions) as its contact with the enamel surface permits 
the renovation of crystals, increasing its hardness and resistance (Farooq & Bugshan, 
2021). 
1.3. Dental caries 
 
Dental caries is one of the two most prevalent conditions worldwide, estimated to affect 
2.3 billion people and the primary dentition of more than 530 million children (Health 
Metrics and Evaluation, 2017). If caries lesions remain untreated and the risk factors 






unchanged, the patient’s quality of life will be deteriorated (Nóbrega et al., 2019). In 
detail, pain and discomfort, severe infections associated with ulceration, fistula, abscess, 
oral mucosal conditions and disruption of the daily routine are likely to occur and to be 
associated with this worse perceived quality of life (Nóbrega et al., 2019). 
The pathophysiology of dental caries is a well understood process and may be set out in 
two perspectives: 1) the hard tissue-related aspects, and 2) the microbiology content 
(Conrads & About, 2018). Fundamentally, a caries lesion represents the disruption of a 
dental hard tissue. This disruption is characterized by a demineralization process caused 
by acid release, a result of bacterial fermentation of dietary carbohydrates (Lamont et al., 
2018). Often, caries lesions are identified in pits, grooves or occlusal surfaces, sites with 
higher accumulation of plaque (Paiva et al., 2017), yet the multifactorial profile of the 
patient will be decisive on the onset and progression of the lesions. 
A diversity of factors can increase the risk towards caries, such as the cariogenic profile 
of bacteria present in plaque, low fluoride exposure, immunological components, 
socioeconomic status, inadequate oral health care and genetic factors (Pitts et al., 2017; 
Horst et al., 2018). Is the balance between the risk factors and protective ones that 
conditionate the appearance of the caries lesions, as shown in figure 3. 
 
Figure 3. Representation of risk and protective factors associated with the development of caries. 









Dental caries result from the action of bacterial-secreted acids in the enamel surface 
(Fejerskov, 2004; Nyvad & Takahashi, 2020). The disruption of the intra-oral balance is 
associated with an ecologic shift of dental biofilm environment (Nyvad & Takahashi, 
2020). As abovementioned, this disease is multifactorial, yet the three main factors can 
be highlighted: 1) oral bacterium; 2) diet rich in carbohydrate intake; and, 3) teeth surface 
(Conrads & About, 2018). 
The bacterial acid products’, namely lactic acid, acetic acid, propionic and formic acid, 
are the result of the dietary fermentable carbohydrates’ metabolism. The interaction 
between acid products with enamel is responsible for the enamel demineralization (Pitts 
et al., 2017). Furthermore, the pathophysiology of dental caries is a continuous process 
with different stages. Firstly, subclinical changes at a molecular level occur, and if the 
imbalance process remains, it leads to the destruction of the teeth (Cuenca & Pilar, 2013). 
The bacterial activity can be divided into three stages: 1) dynamic stability; 2) acidogenic 
and; 3) aciduric phases. In the dynamic stability phase, there are a predominance of 
Streptococcus no mutants and Actinomyces. Also, the acidification periods are infrequent 
and saliva effectively restores its mineral content, favoring the remineralization process 
(Schwendicke et al., 2016). Then, the acidogenic phase occurs with the presence of a high 
content of sugar with a decreasing of the pH. This acidogenic environment will modify 
the phenotypic expression of Streptococcus no mutants and actinomyces, increasing the 
acid production. Consequently, more acidic conditions will cause an increase of more 
acidogenic and aciduric bacteria’s (Schwendicke et al., 2016). The aciduric phase is 
marked by a continuous production of acid, and therefore allows the development of 
Streptococcus mutans and Lactobacillus. Underlying these conditions, the shift of 
bacterial content is extreme. Non-mutans Streptococci and Actinomyces are eliminated 
and replaced by acidic bacteria that will pronounce a fast net mineral loss (Cuenca & 
Pilar, 2013; Schwendicke et al., 2016). The interaction between the three stages and the 
mineral changes is represent in the figure 4. 










Figure 4. Representation of the dynamic stage of the caries lesion formation and arresting. Adapted by 




Conversely, dental biofilm is a complex and highly organized structure of 
microorganisms and related subproducts, that are embedded inside the intercellular 
matrix (Bowen et al., 2018). In turn, a symbiotic relationship is established between 
microorganisms and the host. In other words, microorganisms benefit from nutrients 
provided by the host and, in return, prevents the dysbiosis of this complex community 
(Pitts et al., 2017; Lamont et al., 2018;). 
The oral microbiota adhere to dental surfaces as organized and functional communities 
(Lamont et al., 2018). First, there is the formation of the acquired pellicle that provides a 
bonding site for the co-adhesion of secondary bacteria causing an increase of its 
complexity that will motivate the demineralization process (Pitts et al., 2017; Lamont et 
al., 2018; Schulz et al., 2020; Chawhuaveang et al., 2021). 
As above mentioned, three main factors are associated with the formation of carious lesions 
such as: 1) diet (related to the carbohydrates frequency and intake pattern) (Setiawan et al., 
2021); 2) tooth composition, structure, maturation and location (Lacruz et al., 2017) and 
3) the host saliva composition and rate, a protector element (Zabokova, 2021). 
 
Briefly, in physiologic conditions, the pH of the saliva is comprehended between 6.75- 
7.25. In about 3 to 5 minutes after eating carbohydrates, the pH drop and reach values 







dissolves its minerals. Three biological mechanism are related with the overcome of the 
demineralization process: 1) the saliva pH increases; 2) the substrates are depleted; or 3) 
the saliva is supersaturated in minerals, and these minerals allow the deposition of the 
crystals in the tooth surface (Fejerskov, 2004; Cuenca & Pilar, 2013; Pachori et al., 2018). 
 
1.3.2. Chemical Changes in the Cariogenic Process 
 
Crystals in the tooth surface go through natural periods of mineral loss (demineralization) 
and mineral gain (remineralization) with ionic and molecular fluxes and pH variations 
(Farooq & Bugshan, 2021). Thus, the loss of mineral content from teeth cannot be seen 
as entirely pathologic. 
After a food intake, the acid produced by the bacteria will diffuse into the tooth, causing 
a pH dropping and forming an undersaturated environment leading to a demineralization 
process (Pitts et al., 2017; Al-Obaidi et al., 2018). The increase of carbonate and 
magnesium and the decrease of fluoride causes an increasing of the enamel’s porosity, 
which widen the spaces between the crystals, as the ions dissolve from the lesion body 
and distribute themselves through pores. Part of these minerals reprecipitate at the surface 
layer that surrounds the demineralize lesion. If the acid attack proceeds, it will result in a 
continuous loss of minerals, mainly phosphate and calcium and can lead to an irreversible 
cavity formation (Robinson et al., 2000; Abou Neel et al., 2016; Lacruz et al., 2017; Pitts 
et al., 2017; Du et al., 2020). 
The calcium and the phosphate lost from the dissolution of the surface and subsurface 
can raise the degree of saturation and partially protect the surface layer. If the rate of 
remineralization, supported by the clearance of sugars, mouth swallowing, and saliva, 
exceeds the rate of transport of ions out of the tooth surface, the remineralization process 
starts. In that case, the biofilm goes back towards neutrality and becomes sufficiently 
saturated with calcium, phosphate and fluoride ions, so that a redeposition of minerals 
can occur (Changyu et al., 2019; Philip, 2019). 
When saturated in the oral environment, the calcium and phosphate ions are deposited 
into the crystals and avoid the demineralization of the tooth and these ionic changes result 
in an enamel significantly more resistant to a subsequent acid challenge (Changyu et al., 
2019; Philip, 2019). 
It’s fundamental to have a proper diagnostic and classification so that the 
demineralization process can be stopped as early as possible. 






1.3.3. Caries diagnosis and classification 
 
Several clinical manifestations of the caries disease were described in the literature, and 
over the past years the case definition has been improved. Nevertheless, regardless of 
diagnostic criteria, the tooth surface must be clean and dry, and the intra-oral examination 
must do with proper light and a community exploratory probe (Srilatha et al., 2019). 
The caries lesion can be detect using the tactile, visual, and radiographic examination. 
There are other methods available, such as optical fiber transillumination (FOTI), the 
method electrical conductivity (ECM) or fluorescence, DIAGNOdent (Hogan et al., 2019; 
Macey et al., 2021). Furthermore, the caries lesion can be classified according to 
localization, depth, activity and, type of tissue affected (Cuenca & Pilar, 2013; 
Machiulskiene et al., 2020). In table 1, a summary is presented, that shows the different 
classifications of the carious lesions. 
Table 1- Different classifications of the carious lesions is present (Cuenca & Pilar, 2013; Young et al., 
2015; Machiulskiene et al., 2020). 
 
Location 
Pits and fissures Interproximal surfaces Gingival margin Smooth surfaces 
Place of origin 
Enamel Dentin Cement 
Activity 
Active-reflects the loss of minerals 
during exploration and this lesion 
progresses if no measures are applied 
Inactive-unable to progress due to reduced local 
bacterial metabolic activity 
Free surface 
White spots/active Inactive enamel caries- Active cavitated Inactive dentin 
caries- rough, opaque, whitish with a dentin lesion - light lesion - dark 
whitish, opaque hard, smooth and shiny brown color with a brown color with 
and dull surface soft consistency a hard touch 
Occlusal surface 
Active non Inactive non cavitated Active cavitated 
Active cavitated 
lesion - dark 
brown color with 
hard consistency 
cavitated lesion- lesion - dark coloration of lesion - 
opaque and rough the fissure system, having brown/yellow color 
whitish a hard consistency and with a soft 
appearance being more resistant consistency 
Appearance Timing 
Primary lesion that 
develops on a surface 
without any restoration 
Secondary or recurrent - 
lesion located next to a 
restoration 
Residual - injury caused by the 
presence of demineralized tissue 








Multiple’s classifications were emerging with different criteria. In the Caries 
Classification System for Clinical Practice (ACA CCS) of the American Dental 
Association (ADA), caries lesions are characterize by its clinical evaluation without 
reference to a particular treatment protocol (Young et al., 2015; Macri & Chitlall, 2017). 
Furthermore, the World Health Organization (WHO) adopts the "iceberg of dental caries" 
model for conceptualizing dental caries with the type of therapy that offer the best option 
for the patient (Pitts, 2004; Cuenca & Pilar, 2013). Recently, the International Caries 
Detection, and Assessment System (ICDAS) protocol was developed (Pitts & Ekstrand, 
2013; Akarsu et al., 2019). 
The ICDAS is a two-step decision process. In the first step, the tooth's condition must be 
considered, namely if it is entirely healthy or has already undergone to any treatment. In 
the second step, the presence of caries, if there are any, is analyzed according to its degree 
of development (ex: 1: First visual change in enamel; 3: Localized enamel breakdown 
[without clinical visual signs of dentinal involvement] 4: Underlying dark shadow from 
dentin) (Ismail et al., 2015; Bhoopathi et al., 2017; Ekstrand et al., 2018; Adiningrat et 
al., 2020;). Using these methods, the dentist must be able to identify the first enamel 
alterations due to the demineralization process, so called white spot lesion (WSL), and 
start the respective treatments to stop and reverse the demineralization progress. 
1.4 WSLs 
 
WSLs are the first visible sign of a carious lesion and the prevalence of WSLs range 
between 25 to 98%, depending on the diagnostic criteria (Deveci et al., 2018a). WSLs 
represents the first sign of enamel structure disintegration and enlargement of the 
intercrystalline spaces (Khoroushi & Kachuie, 2017; Sadyrin et al., 2020). Then, the 
deposition of fluor on the enamel surface causes a low acid solution of the superficial 
tissues (hypermineralized surface). However, at the same time, the acid penetrates into 
the deeper layers of the enamel and leads to increased porosity in the sub-surface enamel 
area (Lacruz et al., 2017; Deveci et al., 2018a). Consequently, the refractive index of the 
demineralized zone decreases due to the increased presence of air and water (Deveci et 
al., 2018a), going from 1.63 in a healthy enamel to 1.33 and 1.00 for wet and dry WSLs, 
respectively (Sampson & Sampson, 2020). 
On the other hand, the increase enamel porosity also causes change in the enamel texture, 
surface microhardness, and shear strength (Deveci et al., 2018a). Therefore, after the early 






detection of the WSL, it is essential to apply a treatment protocol in order to avoid a new 
demineralization and collapse of the enamel surface layer. 
1.4.1 Management of WSLs 
 
The first step in managing WSLs is not the conventional treatment for caries lesions 
(Araujo et al., 2020). Instead, risk factors and adequacy of preventive measures with 
educational and plaque control protocols should be assessed (Cuenca & Pilar, 2013; 
Colorado et al., 2020). 
After a correct diagnosis, non-cavitated caries lesion may eligible for non-invasive 
procedures, and remineralization techniques have been proposed to this end. We have 
several    materials    for    remineralization,    such    as    topical     fluoride     and 
casein phosphopeptides-amorphous calcium phosphate. However, a new material, 
infiltrative resins, with the purpose of occluding the remain porous and enhancing the 
aesthetic properties has been developed. This thesis solely focused on infiltrative resins, 
reason why the remaining materials are not addressed. 
1.4.1.1 Infiltrative Resins 
Minimally invasive therapies for the management of smooth surface and proximal non- 
cavitated caries lesions have been emerged to treat early signs of non-cavitated carious 
lesions (Araujo et al., 2020). In the beginning of the 21st century, resin infiltration 
technique, using a light-curing infiltrating resin, emerged to creates a diffusion barrier 
inside the enamel lesion (Borges et al., 2017; Anand et al., 2019). Therefore, after resin 
infiltration and light curing, the occlusion of the enamel porosity occur and, consequently, 
blocks the acid diffusion process and protects the remnant enamel (Kielbassa et al., 2017; 
Zakizade et al., 2020). 
The resin infiltration technique is indicated to lesions up to the first third of the dentin (D1), 
as show in figure 5. The main aim is to stop the progression of the incipient caries lesion 
and to mask the WSLs, improving the patient's dental aesthetics (Askar et al., 2018; Conh 











Figure 5. Representation of lesion that can be infiltrated with Icon. Image retrieved from DMG site. 
Authorization in the appendix 5. 
 
 
Nowadays, ICON® has been continuous used in dental practice as an infiltrative resin kit 
to treat proximal and smooth surface caries lesions (Icon Instructions for Use, 2020). The 
ICON® is composed of three different components: 1) ICON-Etch, (hydrochloric acid, 
pyrogenic silicic acid, surface-active substances); 2) ICON-Dry, (99% ethanol); and 3) 
ICON-Infiltrant (Methacrylate-based resin matrix, initiators, additives) (Icon Instructions 
for Use, 2020). 
The application of ICON-Etch removes the superficial pseudo-layer of enamel and 
increases the penetration capability to facilitate the infiltrant access to the body lesion 
(Lausch et al., 2015; Abbas et al., 2018). With an application of 15% hydrochloric acid 
for 2 minutes, it is possible to eliminate between 30-40µm of the superficial enamel 
pseudo-layer that covers the body of the lesion (Abbas et al., 2018; Attia, 2018; Andrade 
et al., 2019). 
In the next step, the application of ICON-Dry decreases the contact angle, improves the 
penetration and eliminate all impurities present on the enamel surface. The ethanol 
confirms if the surface layer was removed correctly (Furuse et al., 2020). If the liquid is 
absorbed in a 3-5 seconds period and the lesion appears whitish, then the surface is ready 
to be infiltrate (Furuse et al., 2020). 
After that, the infiltrated resin is applied for three minutes to creates a diffusion barrier 
inside the lesion that fills the remaining pores and replaces the lost ones with a 
methacrylate-based resin matrix containing bisphenol A-glycidil methacrylate 
(BISGMA) and triethylene glycol dimethacrylate (TEGDMA) (Enan et al., 2018). This 
matrix stabilizes the porous lesion body, seals the micro porosities, and blocks the access 






of acids to any remaining pores (Montasser et al., 2015; Behrouzi et al., 2020; Zakizade 
et al., 2020). 
This resin infiltration technique also helps in aesthetic dental problems related to WSLs 
(Kim et al., 2011; Lawson, 2020), because enamel recovers the refractive index, and, 
therefore, reduce the light scattering and decrease the visual color differences (Paris et 
al., 2013). Nevertheless, the major limitation of the ICON® technique is its counter 
indication to treat initial enamel lesions in the pits and fissures of the occlusal surfaces. 
The main reason of this counter indication is the inadequate mechanical properties of 
ICON® to be applied on surfaces occlusal (Lausch et al., 2015; Anand et al., 2019). 
Clinical evidence has shown that infiltrative resins can effectively mask the appearance 
of white enamel discoloration and has garnered increased attention due to its various 
advantages (Urquhart et al., 2019). Although it has been shown to be advantageous its 
effects on other characteristics, such as surface roughness, shear bond strength, and 
penetration depth are still unknown. 
A systematic review estimated that microhardness can affect the properties of sound and 
WSLs (Zakizade et al., 2020). Notwithstanding our study revealed the effects of time and 
pH of the demineralized agent  used, etching time, and tooth origin through meta- 
regression sensitivity analysis on this enamel characteristic. We also included we 
included 10 and 16 new studies on sound enamel and WSL, respectively (350% and 229% 
of the total number of included studies and more than 800 specimens (170% of the total 
number of specimens) comparing to previous systematic review. 
With the recent increased of studies in this subject we present a systematic review 
assessing the effect of infiltrative resin on surface roughness, microhardness, shear bond 




This thesis aimed to analyze if there is an improvement of the surface properties, such as 
surface roughness, penetration depth, shear bond strength, and microhardness, after the 
application of an infiltrative resin in WSLs. 
To address this objective, we defined the following research questions: ‘Do infiltrative 
resin in sound enamel and WSLs improve the surface roughness, microhardness and shear 
bond strength?” and “What is the penetration depth capacity of the infiltrative resin in 







• P (Population)- Teeth with white spot lesions or enamel demineralization 
or healthy teeth submitted to a demineralization procedure; 
• I (Intervention)- Application of an infiltrative resin; 
• C (Comparation)- Demineralized teeth or interested teeth; 
• O (Outcome)- Disappearance or improvement of the intern and extern 
characteristics of the WSLs or enamel demineralization. 










2. Article- EFFECT OF RESIN INFILTRATION ON ENAMEL: A SYSTEMATIC 
REVIEW AND META-ANALYSIS 
 
 
Soveral, M., Machado, V., Botelho, J., Mendes, J. J., & Manso, C. (2021). Effect of Resin 
Infiltration on Enamel: A Systematic Review and Meta-Analysis. Journal of 
Functional Biomaterials, 12(3), 48. https://doi.org/10.3390/jfb12030048 







































































































































































































































































2.1. General discussion 
 
WSLs are the first sign of a caries lesion and consist in the demineralization of the enamel 
subsurface without cavitation (Paula et al., 2017; Deveci et al., 2018b). These enamel 
injuries are characterized as a white, chalky, opaque appearance commonly located in 
pits, fissures, and smooth surfaces of teeth (Aykut-Yetkiner, 2017; Höchli et al., 2017). 
 
There are two treatment approaches for these type of enamel lesions. The first one 
comprehends restorative or conventional treatment involving caries lesion removal with 
rotary burs and/or hand instruments (Dorri et al., 2017). In contrast, the minimal invasive 
concept is based on managing the risk factors and in the disease prevention. In other 
words, the earliest signs of caries are management without treatment or with minimally 
enamel therapies (Wong et al., 2017). ICON® is an infiltrative resin that insert in the 
minimal invasive concept were the tooth surface is preserved as much as possible. 
 
ICON® infiltration resin is a TEGMA low viscosity resin that penetrates into the porous 
lesion with several benefits. The protocol is simple and each step is program in order to 
enhance the repair of the lesion (Arora et al., 2019). As above mentioned, the pre-etching 
with HCL is used to remove around 40 µr of the tooth surface, improving the penetration 
ability of resin. It removes most of the hypermineralized surface layer, facilitating the 
infiltrant’s access to the lesion’s interior (El Meligy et al., 2021). After this step, ICON- 
Dry (99% of which is ethanol) is apply in order to decreases the contact angle and 
viscosity that also enhances resin penetration (Attia, 2018). In the final step, the TEGMA 
resin is apply. This approach seals the micro porosities, blocks the access of acids to any 
remaining pores, increases surface hardness, and provides significant mechanical support 
to tooth tissue (Arora et al., 2019). 






The present study demonstrated that the application of the ICON® infiltrative resin is 
capable of effectively change the properties of both sound enamel and WSLs. 
 
As shown in the table 2 of our article, it is possible to conclude that the ICON® 
application improves surface roughness with a decrease of the roughness average (Ra) in 
both sound and demineralized enamel (35% and 54%, respectively). The ability to contain 
the remaining hydroxyapatite crystals in the enamel lesion, by giving a uniform resin 
hydroxyapatite matrix, can explain this improvement (Enan et al., 2018). The impact of 
dental materials on surface roughness is material-dependent, where the materials are 
going to influence the final surface roughness (Arslan et al., 2015). Despite the 
improvement of the results, none of the studies had a surface roughness bellow 0,2 mm, 
the critical value for bacterial colonization. This values may be explain by the inability 
of resin infiltration to seal the total of lesions porous (Baka et al., 2016). 
 
Other parameter studied was microhardness. This characteristic is calcium dependent 
(Montasser et al., 2015; Rathi et al., 2017). Changes in calcium concentration can be 
related to the percentage of the caries lesions progression or arresting (Abdel-Hakim et 
al., 2016). 
 
With a diffusion barrier creation inside the caries lesion, by filling the remaining pores 
and replacing the lost one with a methacrylate-based resin matrix containing BISGMA 
and TEGDMA, the microhardness values are going to suffer fluctuations (Taher et al., 
2012; Montasser et al., 2015). This material is supposed to stabilize the porous lesion 
body and increase microhardness when compared to untreated or remineralized carious 
lesions (Paris et al., 2013; Manoharan et al., 2019). 
 
This systematic review showed that, in most studies, there is an increase in 
microhardness, by 68%, when compared with demineralized samples. The increase of 
microhardness can be explain by the filling of the enamel porosities with a barrier’s 
formation. Still, there is a decrease when compared with the sound enamel and this 
phenomenon was explained by the reduced penetration depth of the resin (Paris et al., 
2013; Deveci et al., 2018b). 
 
Only one previously systematic review had shown similar results to ours regarding 
microhardness, with 3.66 mean increase when compared with untreated samples 
(Zakizade et al., 2020). Nevertheless, this previous review did not explore the impact of 






the type of tooth used (bovine versus human), pH and demineralization time protocols to 
create WSLs. 
 
In the different studies´ protocols, WSLs were artificially created or were already with a 
caries lesion. This protocol aimed to analyze the infiltration resin’s capacity to penetrate 
the lesions and how the time of application conditional this penetration. 
 
In the table 2 of our article, it is possible to concluded, that there are an increment of the 
penetration depth by 65.35%. ICON® infiltrate resin composition has very low viscosity, 
a low contact angle to the enamel, and a high surface tension. All these features permit 
a complete penetration of the resin infiltrant into the body of the enamel lesions (Min et 
al., 2015; Swamy et al., 2017). 
 
Despite its qualities not the whole portion of the lesion is filled with the infiltrate. The 
conventional HCl’s high viscosity may explain this lack of infiltration that impossibilities 
a total diffusion by the lesion’s enamel pores which cause an insufficient infiltration 
(Lausch et al., 2015). 
 
As shown by Meyer-Lueckel et al., (2011) and Paris et al., (2013), the increasing time of 
application of ICON® infiltration resin causes an increase in resin penetration. 
The ‘Washburn equation’ describes the time-dependent influence of the material 
properties like viscosity, surface tension, and contact angle to the enamel on penetration 
abilities into porous solids that support our observations (Borges et al., 2019). 
 
The last parameter studied was the shear bond strength were by measuring, analyzes the 
amount of force required to break the connection between a bonded restoration and the 
tooth surface with the failure occurring in or near the adhesive/adherend interface 
(Rasmussen, 1996; El Mourad, 2018). 
 
When considering applying a fixed orthodontic therapy, we must assume that the brackets 
will be adhered to the tooth surface for a minimum of two years on average, and for this 
matter, the first step must be the treatment of the tooth surface (Gulec & Goymen, 2019). 
 
Thus, several papers were made where numerous materials are compared to see which 
one showed a better improvement of the shear bond strength (El Mourad, 2018). 






In our systematic review, it is possible to conclude that there is an improvement of the 
shear bond strength by 89% when resin infiltration is applied in the demineralized 
enamel. This result is consistent with the literature and may be assigned to the facility of 
the resin to penetrate the demineralized enamel, which results in micromechanical 
interdigitation strengthening (Ekizer et al., 2012; Baka et al., 2016; Kumar et al., 2017). 
 
Despite that, the result is inconsistent when compared the sound enamel with the 
infiltrated one. Some studies, including Dilber et al., (2015), Velİ et al., (2016), Borges 
et al.,( 2019) showed an improvement but Attin et al., (2012), Baka et al., (2016), Gulec, 
(2019) exhibit a smaller value. Our results show a decrease of 25% in this parameter when 
comparing to the sound enamel. The decrease of this value may be consisting with de low 
quality of the enamel surface and lack of resin tags for mechanical interlocking (Baka et 
al., 2016). 
 
Despite the promising results, there are a few limitations inherent to the studies included. 
Although the sample preparation protocols are similar, there are differences in the pH 
values, etching time, and this could be a source of heterogeneity. Our sensitivity 
investigations through meta-regression affirmed that pH altogether impacts surface 
roughness in WSLs and resin penetration, and the etching time influenced surface 
roughness and shear bond strength in WSLs. This variances in the protocol can cause 
heterogeneity in the results. The use of human samples and bovine samples can also cause 
a diversity of results. Although this could compromise the consistency of the results, 
sensitivity analyses only showed an effect on microhardness in sound enamel specimens, 
and for the remaining analyses there was no significant impact. Nevertheless, future 
studies shall look for a harmonization of the protocol of WSL creation as well the 
specimen origin towards a consistent study methodology. Likewise, most investigations 
did not have a suitable sample estimation and gathering group allocation of specimens, 
and these ought to be represented in future examinations. 
 
The animal origin of the samples may explain the heterogeneity observed. Bovine teeth 
are often used in this type of studies, due to its similarities to human teeth (Yassen et al., 
2011a). Bovine teeth have larger crystalline diameter, and their calcium distribution is 
more homogenous (Arends & Jongebloed, 1978). This species also has a lower fluoride 
concentration and increased porosity (Mellberg, 1992). Nevertheless, the 
calcium/phosphorus ratio of the mineral removed from the enamel surfaces during 






demineralization, as well as the remineralization characteristics are similar (Feagin et al., 
1969). Furthermore, caries progression in these two specimens is identical, and the 
inhibition and composition of biofilm formed are alike (Hara et al., 2003). Also, bovine 
enamel has approximately the same microhardness as human enamel (Yassen et al., 
2011b), and no significant differences in bond strength between human and bovine 
enamel were found (Rüttermann et al., 2013). All in all, the reader must bear in mind the 
aforementioned differences and similarities when analyzing the results of the present 
review. 
 
One systematic review had reported infiltrative resins to increase microhardness of 
demineralized enamel and to decrease in sound enamel (Zakizade et al., 2020). Our results 
fully comply with this previous work with a similar level of heterogeneity. Yet, our results 
are based on a substantially higher number of studies included and explored other 
characteristics that until today had not been in an evidence-based manner. 
 
2.2. Futures Perspectives 
 
Although the application of resin infiltration shows promising results in 
mechanical properties, several points must be filed not to compromise the results and 
sequentially the conclusions. 
 
More in vitro studies are needed with more rigorous methods with stipulated and 
standardized protocols. When study in vitro properties, the type of tooth, animal or 
bovine, the demineralization process and time, the ICON® application protocol and the 
methods of analysis of the results must be consensual and well defined. 
 
Other features such as surface substance loss, remineralization potential, 
microbial adhesion, conversion degree, modulus of elasticity, water sorption and 
solubility must be considered in future studies. 
 
Long term studies are needed with wider follow-ups and well-conducted trials to 
robustly assess the efficacy of several interventions with limited evidence including CPP– 
ACP creams with fluoride, bioactive glass dentifrices, bleaching, microabrasion, and 
resin infiltration. 













Resin infiltration significantly changes surface roughness, microhardness and shear bond 
strength in both sound enamel and WSLs. In concern of surface roughness there is an 
improvement by 35% in sound enamel and 54% in WSLs. In the microhardness 
parameters the results show a gain by 24% in sound enamel and 68% in WSLs. There 
was a reduction of values by 25% of the shear bond strength in sound enamel and a 
increase by 89% in WSLs. The penetration depth is estimated to be 65% in WSLs. These 
enamel characteristics can be affected by tooth specimen, pH and etching time. 
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Appendix S3. Joanna Briggs Institute Clinical Appraisal Checklist for Experimental 
Studies 
 
SELECTION 1 2 3 4 5 6 7 8 9 10 11 OVERALL 
Pancu et al. 2011 1 0 0 0 1 1 1 1 1 1 1 8 
Meyer-Lueckel et al. 2011 1 0 0 0 1 1 1 1 1 1 1 8 
Paris et al. 2011 A 1 0 1 0 1 1 1 1 1 1 1 9 
Paris et al. 2011 B 1 0 0 0 1 1 1 1 1 1 1 8 
Taher et al. 2012 1 0 0 0 1 1 1 1 1 1 1 8 
Torres et al. 2012 1 0 0 0 1 1 1 1 1 1 1 8 
Attin et al. 2012 1 0 1 0 1 1 0 1 1 1 1 8 
Ekizer et al. 2012 1 1 0 1 1 1 1 0 1 1 1 9 
Paris et al. 2013 1 0 1 0 1 1 1 0 1 1 1 8 
Paris et al. 2013 1 0 1 0 1 1 1 1 1 1 1 9 
Mohammed et al. 2014 1 0 1 0 1 1 1 1 1 1 1 9 
Veli et al. 2014 1 1 1 0 1 1 1 1 1 1 1 10 
Paris et al. 2014 1 0 1 0 1 1 1 0 1 1 1 8 
Lausch et al. 2014 1 0 1 0 1 1 1 1 1 1 1 9 
Gelani et al. 2014 1 0 0 0 1 1 1 1 1 1 1 8 
Dilber et al. 2014 1 1 1 0 1 1 1 0 1 1 1 9 
Arslan et al. 2015 1 0 1 0 1 1 1 1 1 1 1 9 
Montasser et al. 2015 1 0 1 0 1 1 1 1 0 1 1 8 
Min et al. 2015 1 0 0 0 1 1 1 1 1 1 1 8 
Vianna et al. 2015 1 1 1 0 1 1 1 1 1 1 1 10 
Baka et al. 2016 1 1 1 0 1 1 1 1 1 1 1 10 
Gurdigan et al. 2016 1 0 1 0 1 1 1 0 1 1 1 8 
Abdel-Hakim et al. 2016 1 0 1 0 1 1 1 1 1 1 1 9 
El-zankalouny et al. 2016 1 0 1 0 1 1 1 1 1 1 1 9 
Abdellatif et al. 2016 1 0 0 0 1 1 1 1 1 1 1 9 
Neto et al. 2016 1 0 1 0 1 1 1 0 1 1 1 8 
Horuztepe et al. 2017 1 0 1 0 1 1 1 1 1 1 1 9 
Mandava et al. 2017 1 0 1 0 1 1 1 1 1 1 1 9 
Aziznezhad et al. 2017 1 0 1 0 1 1 1 1 1 1 1 9 
Prajapati et al. 2017 1 1 0 0 1 1 1 1 1 1 1 8 
Rosianu et al. 2017 1 0 1 0 1 1 0 1 1 1 1 8 
Yazkan et al. 2018 1 0 1 0 1 1 1 1 1 1 1 9 
Khalid et al. 2018 1 0 1 0 1 1 1 1 1 1 1 9 
Enan et al. 2018 1 0 1 0 1 1 1 1 1 1 1 9 
Nabil et al. 2018 1 0 0 0 1 1 0 1 1 1 1 7 
Attia et al. 2018 1 0 0 0 1 1 1 1 1 1 1 8 
Askar et al. 2018 1 0 1 0 1 1 1 0 1 1 1 8 
Enan et al. 2019 1 0 1 0 1 1 1 0 1 1 1 8 






Arora et al. 2019 1 0 0 0 1 1 1 1 1 1 1 8 
Theodory et al. 2019 1 0 1 0 1 1 1 0 1 1 1 8 
López et al. 2019 1 0 1 0 1 1 1 1 1 1 1 9 
Gulec et al. 2019 1 1 1 0 1 1 0 1 1 1 1 9 
Borges et al. 2019 1 0 0 0 1 1 1 1 1 1 1 8 
Ayad et al. 2020 1 0 1 0 1 1 1 1 1 1 1 9 
Behrouzi P et al. 2020 1 0 1 0 1 1 1 1 1 1 1 9 
El Meligy, 2020 1 0 1 0 1 1 1 1 1 1 1 9 
Wang et al. 2020 1 0 1 0 1 1 1 1 1 1 1 9 
 
1. Was the aim of the study clearly stated?; 2. Was the sample size justified?; 3. Was the assignment to 
treatment groups truly random?; 4. Were those assessing the outcomes blind to the treatment allocation?; 
5. Were control and treatment groups comparable at entry?; 6. Were groups treated identically other than 
for the named interventions?; 7. Was the preparation protocol clearly described?; 8. Was the experimental 
protocol clearly described?; 9. Were outcomes measured in the same way for all groups?; 10. Were 
outcomes measured in a reliable way?; 11. Was appropriate statistical analysis used?. 
 
 
Appendix S4. Comparison between SMD and ROM results. 
 
Variable N SMD 95% CI I2 (%) N ROM 95% CI I2 (%) 
Surface roughness 
Sound enamel 5 -7.78 -13.22; -2.33 98.1 5 0.65 0.49; 0.85 98.2 
 










Sound enamel 14 -3.35 -4.80; -1.91 97.4 14 0.76 0.73; 0.8 99.1 
WSL 23 4.08 2.76; 5.41 96.6 23 1.68 1.51;1.86 99.8 
Bond strength 
Sound enamel 6 -0.89 -1.92; 0.14 92.2 6 0.75 0.60; 0.95 96.9 
WSL 8 3.40 1.33; 5.48 97.1 8 1.89 1.28; 2.79 99.8 












Appendix S6. Authorization for the thesis structure alteration. 
 
